Chitinase, ,I-1,3-glucanase, and protease activities were formed when Trichoderma harzianum mycelia, grown on glucose as the sole carbon source, were transferred to fresh medium containing cell walls of Botrytis cinerea. Chitobiohydrolase, endochitinase, and jI-1,3-glucanase activities were immunologically detected in culture supernatants by Western blotting (immunoblotting), and the first two were quantified by enzyme-linked immunosorbent assay. Under the same conditions, exogenously added [U-14C]valine was incorporated in acetone-soluble compounds with an apparent Mr of <2,000. These compounds comigrated with the peptaibols trichorzianines A1 and B1 in thin-layer chromatography and released [U-_4C]valine after incubation in 6 N HCI. Incorporation of radioactive valine into this material was stimulated by the exogenous supply of a-aminoisobutyric acid, a rare amino acid which is a major constituent of peptaibols. The obtained culture supernatants inhibited spore germination as well as hyphal elongation ofB. cinerea. Culture supernatants from mycelia placed in fresh medium without cell walls of B. cinerea did not show hydrolase activities, incorporation of [U-_4CJvaline into peptaibol-like compounds, and inhibition of fungal growth. Purified trichorzianines A1 and B1 as well as purified chitobiohydrolase, endochitinase, or ,-1,3-glucanase inhibited spore germination and hyphal elongation, but at concentrations higher than those observed in the culture supernatants. However, when the enzymes and the peptaibols were tested together, an antifungal synergistic interaction was observed and the 50% effective dose values obtained were in the range of those determined in the culture supernatants. Therefore, the parallel formation and synergism of hydrolytic enzymes and antibiotics may have an important role in the antagonistic action of T. harzianum against fungal phytopathogens.
Trichodernma spp. have received major attention as agents for the biological control of phytopathogenic fungi and are excellent candidates for successful exploitation (5, 36) . However, the molecular basis of biocontrol is not clearly understood. Proposed mechanisms of antagonism resulting in biocontrol are antibiosis (6, 8, 9, 14, 35) , mycoparasitism (1, 4, 5, 40) , and competition (41) . Evidence for a fungicidal action of selected antibiotics or hydrolytic enzymes of Trichoderma spp. under in vitro conditions is available (13, 25, 28, 29) . In most cases the concentrations required are far beyond those occurring in vivo, although combinations of enzymes with different modes of action substantially improved the inhibitory effect (14) . Interestingly, the in vitro 50% effective dose for chitinases was considerably reduced by the simultaneous addition of selected fungicides (30) . Similarly, a synergism between Trichoderma enzymes and antibiotics could occur in vivo.
In the present study, we investigated this possibility, using the peptaibols (trichorzianines) (Fig. 1) of Trichoderma harzianum as model antibiotics. Trichorzianines and a number of closely related peptaibols are produced by several Trichoderma eichow.tu wien.ac.at. spp. (3, 12, 15) . These antibiotics form voltage-gated ion channels in black lipid membranes (34) and modify the membrane permeability of liposomes in the absence of applied voltage (13, 26) . They induce leakage of compounds from Rhizoctonia solani and lysis of Phytophthora cactorum (13, 25) . However, there is no evidence that peptaibols are produced by T. harzianum during its antagonistic action or under conditions inducing formation of cell wall lytic enzymes. In this paper we show that (i) the synthesis of both hydrolytic enzymes and peptaibols is triggered by cell walls of Botrytis cinerea and (ii) peptaibols act synergistically with chitinases and a P-1,3-glucanase in the inhibition of fungal spore germination and hyphal elongation.
MATERIALS AND METHODS
Fungal strains and culture conditions. T. harzianum Rifai (ATCC 36042), which is a potent mycoparasite, was used To monitor peptaibol formation, the contents from a 1-liter flask of replacement culture (time zero) were distributed in 10-ml aliquots into 100-ml Erlenmeyer flasks and further incubated on a shaking water bath (100 rpm, 28°C). After 30 min, they were pulsed with a total of 10 ,uCi of [U-_4C]valine (specific radioactivity, 9.25 GBq/mmol; Amersham, United Kingdom), and incubation was continued for 24 h. Duplicate flasks were harvested at 0, 20, 28, and 36 h (calculated from the time of the pulse labelling), and the supernatant was analyzed for peptaibol formation. For enzyme production, T harzianum was grown for 4 days on a rotary shaker in Richard's modified medium, which contained 10 g of KNO3, 5 g of KH2PO4, 2.5 g of MgSO4 * 7H20, 2 mg of FeCl3, 1% (wt/vol) crab shell chitin (Sigma), 1% (wt/vol) polyvinylpyrrolidone (Polyclar AT; GAF Corp., Wayne, N.J.), 150 ml of V8 juice, and 1 liter of H20 at pH 6.0 (19) . Thereafter, the biomass was removed by filtration and used for enzyme purification.
To isolate B. cinerea cell walls, the fungus was grown for 72 h in 1-liter flasks containing 200 ml of medium (20 g Enzyme assay and production. Endochitinase, the 40-kDa chitin-1,4-,B-chitobiosidase (chitobiosidase), and glucan-,B-1,3-glucosidase (P3-1,3-glucanase) were purified to electrophoretic homogeneity as previously described (19, 29) . Enzyme solutions were kept at 4°C and were utilized for bioassays within 2 (2). Electrophoretic and immunological methods. Samples from the culture filtrate of T. harzianum were mixed with a double volume of ethanol and left at -20°C for 3 h. The precipitated protein was harvested by centrifugation in an Eppendorf centrifuge (10 min) and resuspended in SDS-sample buffer (24) to give a final protein concentration of about 0.1 mg/ml. For electrophoresis, the samples were heated to 100°C for 5 min, and occurring precipitates were removed by centrifugation. SDS-polyacrylamide gel electrophoresis (PAGE) was carried out according to the method of Laemmli (24) , and the separated proteins were blotted onto nitrocellulose (4). Enzyme bands were visualized by immunostaining (18) , with polyclonal antibodies raised in rabbits against endochitinase, chitobiosidase, and glucan-P-1,3-glucosidase (19, 29) .
Quantification of chitobiosidase and endochitinase by ELISA. Enzyme-linked immunosorbent assays (ELISA) were carried out as described previously (22a), with polyclonal antibodies raised in rabbits in a final dilution of 1:1,000 and anti-rabbit immunoglobulin G coupled to alkaline phosphatase as a second antibody. Purified enzymes (19, 29) were used to calibrate the assay.
Determination of peptaibol formation. Samples (10 ml) from the culture filtrate were lyophilized and extracted three times each with 1 ml of acetone. To analyze the peptaibols by gel chromatography, the acetone extract was concentrated to 0.5 ml by evaporation and passed through a column (10 by 1 cm) of Biogel P-2. Fractions (0.5 ml) were (30): test suspensions with 1,000 to 3,000 spores per well were transferred to sterile flat-bottom ELISA plates and incubated at 25°C. After 22 to 30 h, the plates were placed under an inverted microscope. The percentage of conidia germinating was determined as the percentage of the first 100 spores randomly found in the well. In addition, the lengths of 20 germ tubes were measured and averaged. All experiments were performed twice, with three replicates for each treatment.
The inhibition values obtained for the two experiments were combined and averaged, and standard deviations were calculated from these six data values. To determine the 50% effective dose, the dose-response curves were subjected to regression analysis by using a binomial regression of the third order, with R2 ranging between 0.95 and 0.99. According to Richer (39) , the following formula was used to determine an antifungal synergistic effect between lytic enzymes and peptaibols: if synergism exists, E0(xA + yB) > E0(x + y)A and E0(xA 
RESULTS
Formation of hydrolytic enzymes by T. harzianum incubation with B. cinerea cell walls. In order to demonstrate the biochemical changes occurring on contact of T. harzianum with the surface of a plant pathogen, we have used a mycelium replacement system. Briefly, this consists of pregrowing T. harzianum in a medium allowing rapid growth but not leading to expression of antagonistic activity and then transferring the mycelia to fresh media containing cell walls of the phytopathogenic host. This technique reduces incubation times and avoids interferences caused by different growth rates. A similar approach has been successfully used to study enzyme productions in Trichoderma reesei (42) or penicillin formation by P. chrysogenum (20) . When pregrown mycelia were transferred to new medium containing B. cinerea cell walls as the only carbon source, they started to secrete chitinases, P-1,3-glucanases, and proteases with no apparent delay (Fig. 2a) increased to about 30 to 35 h of incubation and then decreased slowly (data not shown). With the exception of protease, no other enzyme activities were found when mycelia were incubated in the same medium containing glucose instead of cell walls (Fig. 2b) . Since these enzyme activities are the result of a number of isoenzymes, we used antibodies against endochitinase, chitobiosidase, and P-1,3-glucanase to demonstrate the presence of specific, well-characterized (19, 29) components. All three enzymes were present in the supernatants from the cell wall-containing cultures but absent from the culture medium containing glucose (Fig. 2c) . By using the same antibodies in an ELISA, the concentrations of chitobiosidase and endochitinase were determined as 5.9 and 2.7 mg/liter in filtrates from cell wall-containing cultures after 37 h. In order to demonstrate a de novo protein synthesis, experiments were also carried out with cycloheximide, an inhibitor of translation (43) . In its presence, no enzyme activities were found, and no enzymes were detected with the aid of immunological techniques (data not shown).
When the extracellular supernatant from a cell wall-induced culture (harvested after 36 h of incubation) was added to spores of B. cinerea, it inhibited their germination (Fig. 3) . However, the fungistatic activity was partially maintained when extracellular enzymes were removed by ultrafiltration (Amicon YM 10; cutoff size, 10 kDa; see Fig. 5 ), suggesting that other antifungal compounds were present in the culture filtrate. No inhibitory activity was present in culture filtrates obtained in the presence of glucose or in filtrates obtained after incubating the cell wall-containing medium without T. harzianum for 37 h.
Peptaibol formation in T. harzianum on incubation with B. cinerea cell walls. The results described above suggest that one or more antibiotics were formed by T. harzianum during incubation with B. cinerea cell walls. The culture supernatant was lyophilized and subjected to gel chromatography, and the individual fractions were assayed for their ability to inhibit B. cinerea spore germination. This inhibiting activity corresponded to an Mr of about 2,000 + 500 (Fig. 4a) , suggesting that peptide antibiotics or peptaibols (15) may be the components responsible for this fungicidal effect. The absence of antifungal activity in the high-molecular-weight (i.e., enzyme) fraction is not in contradiction to the findings shown in Fig. 3 , since chitinases and P-1,3-glucanases were inactivated by the acetone treatment. To determine if the 2-kDa material had a peptaibol structure, we added [U-'4C]valine, which is an amino acid present in the T. harzianum peptaibol trichorzianine, to the medium (12) . After incubation for 8 h, the obtained supernatant was lyophilized and subjected to gel chromatography. The radioactive label appeared in three peaks with different Mrs (Fig. 4b) , which conceivably represent extracellular protein, peptaibols, and free valine. This putative peptaibol peak eluted from Biogel P-2 at the same position as trichorzianines A1 and B1 (Fig. 4b) and migrates to the position of trichorzianines A1 and B1 in thin-layer chromatography (Fig. 4c) . Upon hydrolysis in 6 N HCl, the [14C]valine label appeared in the valine peak on Biogel P-2 only (data not shown). All these data clearly indicate that the 2-kDa chromatography peak contains peptaibols. Furthermore, the incorporation of radioactivity into this peak was stimulated by the addition of cx-L-aminoisobutyric acid (AIB) to the medium (Fig. 4d) . As with the induction of hydrolases, no formation was observed in the presence of glucose, and cycloheximide also prevented the formation (Fig. 4d) .
With trichorzianine A1 as a standard, the A280 peak from gel filtration allowed the calculation that the original culture filtrate had contained 25 (± 10) mg of peptaibols per liter.
Synergistic effect of hydrolases and peptaibols on fungal growth. The parallel formation of hydrolytic enzyme and antibiotics in T. harzianum in the presence of cell walls of a potential host suggests that these two classes of compounds may cooperate in mycoparasitism. Therefore, the effect of different concentrations of trichorzianines A1 and B1 on spore germination and hyphal elongation of B. cinerea and F. oxysporum was investigated in the presence of purified endochitinase, chitobiosidase, and P-1,3-glucanase from T. harzianum.
As a prerequisite, the 50% effective doses for trichorzianines A1 and B1 with respect to spore germination and germ tube elongation of B. cinerea and F. oxysporum were determined. The values obtained were in the range of 70 to 100 ,ug/ml, with spore germination being less sensitive than germ tube elongation (Fig. 5) . The same range of peptaibol concentration has previously been reported to inhibit growth of other fungi (13, 25) . When one of the three enzymes was added, the concen- In order to investigate, whether the concentrations of enzymes and peptaibols formed under the present experimental conditions would be sufficient to explain the observed inhibitory effect, a further experiment was carried out in which endochitinase, chitobiosidase, and trichorzianine Al were added at final concentrations of 6, 3, and 25 mg/ml, respectively, to the spore germination assay. Under these conditions, spore germination was inhibited by 41% (±17%). Although this value is somewhat lower than the inhibition obtained by the crude culture filtrate (57%) (see Fig. 3 ), we conclude that synergism of hydrolytic enzymes and peptaibols contribute significantly to the antagonism of T. harzianum against phytopathogens.
DISCUSSION
There have been several attempts to explain the antagonistic action of T. harzianum against phytopathogenic fungi either by the secretion of cell wall hydrolytic enzymes or by the production of antibiotics. Our results indicate that in fact both types of compounds are involved in this process and that antibiotics (at least some) and hydrolytic enzymes cooperate synergistically in antagonism. Di Pietro et al. (10) reported on a similar type of synergism between an endochitinase and a diketopiperazine antibiotic (gliotoxin) from the biocontrol fungus Gliocladium (Trichoderma) virens, closely related to T. harzianum. The investigators interpreted the synergism as a result of a weakening of the cell wall of B. cinerea, which improved the rate of diffusion of the antibiotic towards the cell surface. It is intriguing that both gliotoxin and the peptaibols affect the cytoplasmic membrane (13, 22) , hence pointing to the cell membrane as an important target, as also supported by other studies (27) . Similarly, many plant pathogenic fungi attack plant cells via a modification of their cell membrane (7) .
Although the antibiotic compounds, whose formation was triggered by B. cinerea cell walls, have not been fully identified in the course of this study, we assume that they belong to the peptaibol family for the following reasons: (i) they exhibit similar Mrs, (ii) they migrate to the same position in thin-layer chromatography, (iii) exogenously added [U-'4C]valine becomes incorporated into them and is released under conditions of hydrolysis of peptide bonds, and (iv) their formation is stimulated by the exogenous addition of AIB. AIB is a nonprotein amino acid, a major component of all peptaibols, and its exogenous addition has been shown to increase the formation of these antibiotics (3, 38) . However, we have not proven that these compounds are identical to trichorzianine A1 or B1, but it is possible that the formation of different peptaibols is strain specific.
The question as to which antibiotics are involved in antagonism has not been conclusively answered until now. The present results show that the concentrations of trichorzianines found can account for a major portion of the effect. However, it is well possible that other antibiotics may also be formed under these conditions and thereby further reduce the concentration needed by individual components. The fact that an isolate of T. harzianum can produce various different antibiotics (3, 9, 38) could explain why strains defective in the production of only one of them, e.g., 6-n-pentyl pyrone, are not impaired in biocontrol (16) . It would be intriguing to know whether there is also synergism between different secondary metabolites produced by Tnichoderma spp. This will explain why the effective dose of inhibitory compounds is particularly low in vivo (5, 15) . This topic should be considered for future studies as well as for strain improvement and strain application.
The fact that the presence of cell walls of B. cinerea triggers the production of both cell wall hydrolytic enzymes and peptaibols suggests that the cascade of antagonistic events may be regulated by a common mechanism. We do not know whether this is caused by the release of cell wall oligosaccharides or carbon catabolite derepression, by a physical elicitation, or by a combination of all these factors. The first hypothesis is supported by the evidence that in T. reesei the degradation of cellulose and xylan is triggered by degradation products (23, 31) . However, the initial coiling of T. harzianum around its victim is triggered solely by recognition of a lectin on the cell surface of the pathogen (21) . The experimental approach used in this study may be an additional tool to investigate this process.
